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INTRODUCTION 
Much effort has been invested in developing control methodologies that modify the 
joint torque profiles in a lightweight, high speed robot manipulator in order to suppress 
vibration in the flexible links and improve end-point positional accuracy [ 1-7]. Similar 
concerns arise regarding the interaction between structures and control methodologies for 
large space structures [8]. These techniques rely on a model of the flexural behavior of the 
link(s). Some of them operate in real-rime [1,2], while others are computed prior to motion 
and may depend on inverse dynamics [3-6]. The principal drawback to all of these is that 
while the vibration modes are properties of the flexible links, the attempted solutions rely on 
actuation at the joint motors. This condition of non-collocation of the vibrational 
coordinates and the actuators' degrees-of-freedom has hampered the satisfactory 
identification of a real-time controller. Furthermore, techniques for sensing have also relied 
on location of sensors remote from the actual vibrational coordinates [1-6,8]. 
The control of a high performance structures relies on sensory feedback. With the 
promised advent of lightweight high strength composite materials, the loss of weight to 
improve performance will result in the introduction of flexural and vibrational modes of 
significant amplitude, which have generally been ignored in structures. These "vibration 
coordinates" must now also be addressed. 
A desirable property of embedding sensors in lightweight structures is that they too 
contribute a minimum of weight and volume within the structure and not compromise the 
components' integrity. This paper describes a system for sensing strain in flexible 
structures. It consists of a piezoelectric ceramic bonded to the surface of a thin, flat, flexible 
beam fabricated from graphite/epoxy composite. 
The results for the piezo-ceramic sensor indicate that substantial signals can be 
obtained for vibrations above 1 Hz; these signals are proportional to strain and can be used 
with a simple controller developed to actively damp the beam vibration. 
The mass penalty imposed on the structure by addition of the sensor is negligible. 
PIEZOCERAMIC STRAIN SENSOR AND VIBRATION CONTROL ELEMENT 
A flat piezoelectric ceramic plate transducer .0075 in. thick was bonded to a 
graphite/epoxy composite beam with a fast curing two-component epoxy. The 
piezoelectrically induced voltage is maximum when the beam deflects in the fundamental 
Review of Progress in Quantitative Nondestructive Evaluation, Vol. 9 
Edited by D.O. Thompson and D.E. Chimenti 
Plenum Press, New York, 1990 
1219 
cantilever mode and the transducer is mounted close to the clamped end [8]. The time 
dependent signal was captured by a digitizing oscilloscope and the beam was permitted to 
vibrate when deflected at the free end and then released. Figure 1 is a plot of the sensor 
signal produced as the steel beam undergoes a slowly damped oscillation. 
One benefit of the ceramic plate is its thinness, which is important in satisfying the 
requirement of minimizing the volume and invasiveness of any sensor. 
PIEZOELECTRIC CERAMIC ACTUATOR 
To prove the validity of the ceramic plate as a sensor of structural strain, an analog 
servo-control system that is able to damp the vibration was built. The test structure has a 
half-thickness of 1 mm (the distance from the neutral plane axis to the free surface) and is 1 
meter in length (L). A tip deflection of 1 ern subtends an angle of -10 rnilliradian if the 
beam is deformed with uniform curvature. In fact, the beam is cantilever mounted, so that 
the strain at the root is much larger [9,10] . On the side opposite the one containing the 
sensor plate was attached a piezoelectric transducer of identical surface area, but consisting 
of a two layer bimorph piezoelectric plate, bonded together by a metal foil plate (i.e., the 
ferroelectric polarization axis in each ceramic layer pointed in the same direction, but the 
voltage was applied symmetrically with respect to the center electrode), as shown in Figure 
2. The advantage of using a bimorph is that twice the stress can be generated for a given 
voltage. 
The signal sensed by the simple transducer is phase shifted by 90 degrees, 
amplified and applied to the bimorph transducer. This technique is similar to the one 
demonstrated by Crawley and de Luis [8], but differs in that the sensing device they used 
was an accelerometer mounted at the freely oscillating tip of the beam, and was therefore 
not collocated with the sensor. This is an important feature, since spatial collocation of 
sensors and actuators radically simplifies the problem of controlling flexible structures. 
Using this simple system, shown schematically in Figure 3, we obtain the damped 
vibration output from the piezoceramic sensor, which is shown in Figure 4. 
The data show that the beam is highly damped. The measured rate of damping is 
25% (defined as the fractional reduction in amplitude per cycle) as compared to 6% for the 
undamped beam. This is a remarkable result in that the mass of the ceramic actuator is 
negligible relative to the beam. The controller is a simple analog technique. Even greater 
rates of vibration attenuation are achievable with relatively simple changes and additions: 
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Figure 1 Sensor output produced by piezoceramic plate of lightly 
damped oscillation of beam. 
Figure 2 Beam with piezoelectric sensor and actuator. 
1) More gain in the driver amplifier will accelerate the rate of damping. The 
voltage limit is determined by the breakdown voltage of the ceramics and 
surrounding encapsulation media, if any. The applied peak to peak voltage was 
150 volts. 
2) Placing more and/or larger actuators on the structure will distribute the effect of 
the actuators along the beam more evenly, producing a better spatial matching 
of strain to strain-rate induced damping. 
IMPLEMENTATION ISSUES 
So far, implementation has been limited to flat panel beam specimens. Maximum 
benefit of such sensor/actuator (control) systems lies in their embedment in realistic 
structures for light-weight manipulators. Such structures are likely to be fabricated with 
links of composite or metal hollow tubes connecting the joints. Several degrees of freedom 
of vibration are therefore possible - two bending degrees, one longitudinal and one torsional 
- each possessing a spectrum of modes determined by the material properties of which the 
links are made and their geometries. Possible schemes for implementation of embedded 
control systems merit consideration. 
The piezoelectric is a localized strain sensor, which makes it desirable for sampling 
structures in which modal vibration is not limited to the fundamental vibration, and 
interactions (e.g. in robotics) with other links through connecting joints are likely to result in 
complex resonances that shift in frequency and amplitude with manipulator posture [11], 
digital 
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Figure 3 Simple analog control active damping system using a 
piezoelectric ceramic sensor and actuator. 
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Figure 4 Actively damped beam oscillation resulting from analog controller. 
load, and speed. The placement of several sensors (and actuators) along the length of each 
link, as shown in Figure 5, is desirable to adequately sample and control vibration across 
the full spatial and frequency spectrum of significant modal activity. In large space 
structures the problem is similar, and by no means trivial. 
The signals obtained from the various sensors may be added, subtracted, amplified 
and applied directly to piezo-actuators of appropriate shape and polarization, appropriately 
placed on the links, either by embedment or by attachment to the (inner or outer) surface 
[12]. In this manner, all such modes of vibration can be controlled simultaneously, using 
analog circuitry located on or embedded within each link. No central processing is required, 
only power. No special knowledge of the manipulator model or dynamics is required 
beyond a general understanding of where to distribute the sensor and actuator elements. For 
robotics, there can be no "optimal" location for these elements, since the manipulator's 
vibrational characteristics will shift with posture, load and speed. For space structures, any 
one link is likely to exhibit primarily simple longitudinal strain. 
A key feature of this scheme is that no computational load is imposed on the 
system: control is local- local to the strain/vibrational degrees of freedom, the sensor, 
actuator and link. Furthermore, all analog signal conditioning components are small and 
can be embedded within the hollow portion of the link tubing. A diagnostic monitoring 
interface to sense failure modes, as in any electromechanical system, would be advisable. 
CONCLUSION 
A piezoelectric strain sensor and actuator system has been described. It has 
excellent dynamic response for vibrational frequencies of general concern for flexible 
manipulators and large space structures, but is not capable of static strain sensing. A 
strain-rate controller for vibration suppression in a cantilevered flat beam, consisting of a 
piezoelectric sensor, analog electronics and a piezoelectric actuator, has been described and 
data have been presented that demonstrate that sensors and actuators 
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1) are of very small size and mass relative to the link or joint components (given, 
even, that light-weight materials are used throughout); 
2) can be embedded in or applied to the surface of the manipulator structural 
components; 
3) require a minimum of electronic support and can operate without computer 
interfacing in a highly distributed and independent fashion; and 
4) an architecture for application of this sensor/actuator/controller system to 
Sensor 
Figure 5. Distributed sensors and actuators will facilitate distributed control 
of vibrational coordinates. 
3-dimensional tubular links has been discussed. Multiple degrees-of-freedom 
of vibration can be sensed, deconvolved and applied to actuators in the 
structure to simultaneously suppress all modal activity of practical concern. 
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